The health of a substantial portion of urban populations is potentially being impacted by exposure to traffic-related atmospheric pollutants. To better understand the rapid physical and chemical transformation of these pollutants, the number size distributions of non-volatile traffic-related particles were investigated at different distances from a major highway. Particle volatility measurements were performed upwind and downwind of the highway using a fast mobility particle sizing spectrometer with a thermodenuder on a mobile laboratory. The number concentration of non-denuded ultrafine particles decreased exponentially with distance from the highway, whereas a more gradual gradient was observed for non-volatile particles. The non-volatile number concentration at 27 m was higher than that at 280 m by a factor of approximately 3, and the concentration at 280 m was still higher than that upwind of the highway. The proportion of non-volatile particles increased away from the highway, representing 36% of the total particle number at 27 m, 62% at 280 m, and 81% at the upwind site. A slight decrease in the geometric mean diameter of the non-volatile particle size distributions from approximately 35 nm to 30 nm was found between 27 m and 280 m, in contrast to the growth of non-denuded particles with increasing distance from the highway. Single particle analysis results show that the contribution of elemental carbon (EC)-rich particle types at 27 m was higher than the contribution at 280 m by a factor of approximately 2. The findings suggest that people living or spending time near major roadways could be exposed to elevated number concentrations of nucleation-mode volatile particles (<30 nm), Aitken-mode non-volatile particles (30-100 nm), and EC-rich fine-mode particles (>100 nm). The impact of the highway emissions on air quality was observable up to 300 m.
Introduction
Traffic-related atmospheric pollutants (TRAPs), including ultrafine particles (UFP, <100 nm in diameter), black carbon (BC), polycyclic aromatic hydrocarbons (PAHs), and volatile organic compounds (VOCs), are believed to adversely impact the health of populations living and working near roadways. Proximity to major roadways and exposure to TRAPs may be associated with a number of respiratory and cardiovascular issues including asthma, reduced lung function, adverse birth outcomes, cardiac effects, respiratory symptoms, premature mortality, and lung cancer (e.g., HEI, 2010) . Most recently, diesel exhaust was officially classified as carcino genic by the International Agency for Research on Cancer (IARC) of the World Health Organization (Straif et al., 2013) . Gauderman et al. (2007) found that children who lived within 500 m of a freeway had substantial deficits in lung function, when compared to children who lived 1 500 m or more from a freeway. A cohort study in Toronto, Canada suggested that traffic proximity (residence within 50 m of a major road or 100 m of a highway) may be associated with an increase in circulatory mortality of over 40% (Jerrett et al., 2009) . In Canada approximately 4 million and 10 million people live within 100 m and 250 m of a major road, respectively, based on 2006 Census data . Thus a high proportion of Canada's urban populations are potentially exposed to TRAPs. For example, in Toronto, the most populated city in Canada, 13% and 56% of the population lives within 50 m and 250 m of a major road, respectively. Assessment of exposure to TRAPs can be challenging due to the intra-urban spatial variability of pollutants, such as UFP and BC. Near-road field studies have shown a large difference in the concentrations of traffic-related pollutants between near-road measurements and typical air quality monitoring stations (e.g., Riediker et al., 2003) . A number of on-road measurements have shown that significantly higher concentrations of traffic-related pollutants can occur on roadways as compared to background levels measured 150-500 m away (Hitchins et al., 2000; Bukowiecki et al., 2002; Riediker et al., 2003; Kittelson et al., 2004; Pirjola et al., 2004; Kaur et al., 2005; Weimer et al., 2009; Hagler et al., 2010; Pirjola et al., 2012) . Roadside field studies have also consistently found decreasing concentrations of UFP and NO2 with increasing distance from a road, while there were inconsistent trends in PM10 and PM2.5 (Roorda-Knape et al., 1998; Zhu et al., 2002a; Zhu et al., 2002b; Westerdahl et al., 2005; Beckerman et al., 2008; Hagler et al., 2009; Durant et al., 2010; Gordon et al., 2012; Salimi et al., 2013) .
Additionally, there is a growing interest in understanding the spatial variability of particle chemical properties near busy roadways. In particular, particle volatility is an important property of UFP in terms of the potential health effects of particles as well as the spatial variation of particles near major roadways. Trafficrelated UFP generally contain compounds that range in volatility, such as organics from unburned fuel, lubricating oil, and graphitic carbon (e.g., Kittelson, 1998; Sakurai et al., 2003) . To characterize the volatility of traffic-related particles, different types of tandem differential mobility analyzers (TDMA) have been deployed near major roadways (Wehner et al., 2004; Biswas et al., 2007; Tiitta et al., 2010) . The TDMA system provides detailed information about the volatile fraction of an individual particle diameter, but no information about the volatile/non-volatile fractions of the entire size distribution. Little work has been done to differentiate between the entire volatile and non-volatile fraction of UFP near major roadways (Wehner et al., 2004; Pirjola et al., 2012) . The spatial variation of the particle volatility in the entire size distribution can provide useful information about exposure to non-volatile particles as a function of distance from a roadway.
In this paper, the evolution of volatile and non-volatile UFP in a near-road environment was examined using a thermodenuder (TD) and a fast mobility particle sizing spectrometer (FMPS) at distances up to 280 m from a major highway. In addition, single particle analysis using an aerosol time-of-flight mass spectrometer (ATOFMS) provided insights into the size and composition of the accumulation mode particles (100-3 000 nm). The measurements of aerosol volatility and chemical composition provide an improved understanding of the evolution of traffic-related particles in the vicinity of major roadways. This information is potentially useful for understanding the associated exposure and health impacts.
Methods

Measurement design
The study was performed in the Greater Toronto Area, Ontario, Canada from August 17 to September 17, 2010 as a part of the Fast Evolution of Vehicle Emissions near Roadways (FEVER) campaign. The University of Toronto mobile laboratory (MAPLE) was deployed to measure the decay gradients of TRAPs near highway 400. This major highway has 6 lanes that, when combined, carry 90 000 vehicles/day . The mobile lab, MAPLE, was moved back and forth among sites 27 m (Site A) and 280 m (Site B) downwind of the highway, as well as at 90 m (Site C) upwind of the highway (Figure 1 ). During these mobile measure ments, traffic-related pollutants were sampled at each site for at least 1 hour before MAPLE moved to the next site. Only those morning and evening rush-hour periods on August 19, 26, and 27 during which the wind was perpendicular to the highway (200-330) were chosen for UFP gradient analysis. Information on the mobile measurement days and times is listed in Table 1 .
In addition to the mobile measurements, UFP was continu ously measured at a stationary monitoring site (Site D) located 15 m from the highway. The site was surrounded by agricultural areas with wide open level terrain and there were no nearby significant point sources of ultrafine particles or other main roadways. In order to explore the influence of the highway traffic on particle number concentrations, the relationship between UFP concentration and wind direction was depicted by using a wind rose plot generated with 1 minute averaged data at Site D (see the Supporting Material, SM, Figure S1 ). The results show that higher number concentrations (>40 000 cm -3 ) occurred when the wind was coming from the highway, further confirming that the highway was the only significant source of UFP present.
In order to evaluate the micro-scale gradient of UFP within 20 m, UFP number concentrations were simultaneously measured at 3 m (near the shoulder of the highway) and 18 m downwind of the highway on September 1. The FMPS was connected to a long piece of conductive tubing ( 15 m) for sampling at the 3 m location, whereas a short piece ( 30 cm) was used for the second FMPS at the 18 m sampling. The long sampling inlet was moved back to the 18 m location every hour to calculate the diffusional losses through the long sampling line. The wind speed and wind direction were relatively constant over the 8 h measurement period. To investigate the spatial transformation of individual plumes from heavy emitters, 37 high particle number events were selected by inspecting particle number spikes (>40 000 cm -3 at the 3 m location) and video observations. From September 2 to September 17, MAPLE was parked at Site A or B to characterize individual ambient particles. To ensure that vehicle emissions were sampled, the analysis was limited to single particle mass spectral data measured during morning rush hours (5:30 am to 11:00 am) on the days (September 14 and 15) with winds between the southwest (200°) and the northwest (330°). It should be noted that data from low wind speed (<0.5 m s -1 ) conditions were also excluded from the analysis. Table 1 summarizes the weather conditions and traffic density on these sampling days. While wind direction was relatively constant for these selected days, average temperature and wind speed varied from 12 to 31 °C and from 2 to 8 m s -1 , respectively. The number density of light duty vehicles (i.e., cars) was relatively constant, although on August 27 (Friday) the traffic density was higher than on other weekdays. Heavy-duty diesel vehicles (i.e., heavy class) accounted for approximately 4% of the total vehicles on August 26 and 27. This traffic pattern has been described in detail elsewhere . 
Aerosol measurement and data quality assurance
The mobile lab, MAPLE, included measurements of particle size distribution and chemical composition using a fast mobility particle sizing spectrometer (FMPS, TSI 3091), an aerosol time-offlight mass spectrometer (ATOFMS, TSI 3800), an aethalometer for BC (Magee AE-21), a particle-bound PAH (p-PAH) monitor (EcoChem PAS 2000CE), two PM2.5 DustTraks (TSI 8520), a weather sensor, and a video camera. A second FMPS (TSI 3091) was deployed at Site D located 15 m from the highway to continuously measure number and size distributions of UFP. The UFP data at Site D was used to normalize data at Sites A, B, and C to account for the temporal variations of ambient UFP; these variations occur not only due to traffic sources, but also due to changes in background concentrations and atmospheric stability. In order to account for the temporal variations of UFP while MAPLE was moving between Sites A, B, and C, the number concentrations at each location were adjusted according to the temporal variations of UFP measured at the stationary Site D using the following equation:
(1) where, the subscript k denotes the site (i.e., Site A, Site B, Site C), Nk* is the adjusted particle number concentration at site k, Nk is the measured number concentration at site k, is the average number concentration at Site D during the entire measurement period, and Ns,k is the number concentration measured at Site D during the corresponding measurement period at site k. The adjustment factor ( ) of the temporal variation ranged from 0.84 to 1.38 over the measurement period on August 19, 26, and 27. The FMPS instruments provide particle size distributions from 6 nm to 560 nm in electrical mobility diameter with 1 second time resolution. Particle electrical mobility diameter is defined as the diameter of a spherical particle with the same mobility in an electric field as the particle of interest (Baron and Willeke, 2001) . The performance and correction of the FMPS has been described in detail elsewhere (Jeong and Evans, 2009) . A comparison between the two FMPSs and a scanning mobility particle sizer (SMPS) as well as a CPC (TSI 3786) was conducted before and after the campaign in a laboratory, showing good correlations (r 2 >0.9) and agreement within 20%. Weekly intercomparison of the FMPSs and daily background checks with zero air were conducted at the field site. Particles smaller than 8 nm were excluded due to poor counting efficiency in this size range. The number size distribution of particles in the size range of 8 to 560 nm measured by the FMPS were corrected as recommended by Jeong and Evans (2009) and Zimmerman et al. (2015) . In addition, the last three corrected size bins (>540 nm in the corrected diameter) of the FMPS were excluded due to poor counting efficiency. Zimmerman et al. (2014) recently reported that an overestimation of particle counting efficiency in the FMPS is observed for fresh diesel particles with a mode diameter of 80 nm due to the high fractal dimension of soot agglomerates. Since these fresh agglomerates occur primarily in plumes from high emitting vehicles, Zimmerman et al. (2014) suggest that this FMPS error is negligible when using longer averaging time for number concentrations. In this work, average concentrations were estimated for >30 min. In order to evaluate the change of particle size distributions, the geometric mean diameter (GMD, dg) of the FMPS size distribution was calculated by Equation (2): (2) where, N is the total number concentration, m is the first size bin, n is the last size bin, di is the midpoint diameter of size bin, i, and Ni is number concentration within the size bin i.
For the analysis of micro-scale variability of UFP within 20 m, the particle diffusion losses through the long sampling line used for the measurement at 3 m from the highway were empirically corrected for by comparing paired measurements with and without the sampling line. As expected, particle losses increased as particle size decreased. For example, there were approximately 74% and 16% losses for 8 nm and 108 nm particles, respectively. The size resolved correction factors were applied to the concentrations recorded by the FMPS with the long sampling line.
Black carbon concentrations were measured at 1 minute resolution using a dual channel aethalometer (880 nm and 370 nm). The concentrations of BC were calculated from light attenuation measurements at 880 nm of the aethalometer using a mass absorption coefficient of 16.6 m 2 g 1 . The flow rate of 5 Lpm and background concentrations with filtered air were checked on a weekly basis. The PAS is a portable photoelectric device which provides mass concentration of particle-bound PAHs absorbed on carbon particles by UV-photoionization. No attempt was made to calibrate and quantify the PAS since there is no absolute calibration standard available. Instead, results were interpreted as relative units. Semi-quantitative 1 minute resolution PM2.5 mass concentrations were measured by the 8520 DustTrak equipped with a 2.5 μm inlet nozzle. Background checks of the DustTrak were also performed on a daily basis. The second DustTrak (TSI 8520, DT2) was used to monitor the performance of the first DustTrak (DT1) by measuring ambient particles every week. Excellent correlations (r 2 >0.98) between these DustTraks were found, while DT1 was consistently higher ( 24%) than the reading of DT2 over the measurement period. Mass concentrations of particles smaller than 0.6 μm (PM0.6) were estimated using the FMPS number concentration in the size range of 8 to 540 nm with the assumption of spherical particle shape and a density of 1.2 g cm 3 . The PM2.5 mass concentration of the DT1 was highly correlated with the PM0.6 mass concentration (r 2 =0.89), and the slope of the regression was 2.3 with the intercept of zero. It has been reported by other studies that DustTrak measurements using a light scattering technology could be overestimated (e.g., Evans et al., 2008) . However, no correction factor was applied for the DustTrak measurement due to the absence of reference measurements for PM2.5 in our study.
Volatility measurement
In order to measure the number concentrations and size distributions of non-volatile particles, the FMPS was equipped with an automated thermodenuder (TD, Dekati Ltd) allowing for rapid alternation between TD-treated and untreated samples every 5 min. In this study, particles that evaporate in the thermodenuder at a temperature of 250 °C are considered as "volatile", while the particles remaining after heating are referred to as "non-volatile". The non-volatile fraction by number (Nnv) is defined as the ratio of the number concentration after heating at 250 °C to the number concentration without heating, while the volatile faction by number is defined as 1-Nnv.
Particle losses caused by diffusional and thermophoretic processes inside the TD were theoretically and experimentally evaluated for various temperatures (30-250 °C) and particle sizes (15 nm-100 nm) at a flow rate of 10 L min -1 . The residence time of the particles in the heating column of the TD was approximately 0.3 second. To evaluate the transmission efficiency, mono dispersed 40 nm, 60 nm, 80 nm and 100 nm gold particles were generated by an atomizer (TSI 3076) and differential mobility analyzer (DMA, TSI 3081) system. The particles alternately went through either the TD or to a bypass line and were then measured by a condensation particle counter (CPC, TSI 3786). Particle losses with heating at 30 °C were negligible, while the transmission efficiencies at 250 °C were approximately 76%. The experimental transmission efficiencies were in good agreement with the overall theoretical transmission efficiency ( 77%) estimated by combining the diffusional and thermophoretic efficiencies in the 15-100 nm size range (Baron and Willeke, 2001; Lin and Tsai, 2003) . The theoretical diffusional and thermophoretic transmission efficien cies were approximately 99% and 78%, respectively, in the system. With decreasing particle size and increasing temperature, the transmission efficiency decreased due to particle diffusion and thermophoretic losses. Longer residence time resulted in poorer particle transmission efficiencies. The number concentration data obtained using TD-FMPS were corrected for these particle losses.
Single particle analysis
The ATOFMS has been used to provide size resolved chemical composition for fine particulate matter (PM) larger than 100 nm in real time and to derive plausible sources of PM in many locations (e.g., Jeong et al., 2011; Healy et al., 2012; Rehbein et al., 2012) . To characterize individual ambient particles using the ATOFMS, ambient air is drawn through an aerodynamic focusing lens to the ATOFMS sizing region. The particle size is determined by measuring the transit time between two lasers in the sizing region. The sizeresolved particles enter the mass spectrum region where a 266 nm Nd:YAG laser desorbs and ionizes these particles. The positive and negative ion mass spectra of each particle are obtained in the mass spectrometer region. Metal standards and polystyrene latex (PSL) particles were used for mass spectra and particle size calibration before and after the campaign.
During the field campaign, a total of 91 317 particles ranging from 0.1 to 2.3 μm were chemically analyzed using the ATOFMS at the 27 m and 280 m locations. In order to concentrate on trafficrelated particles, approximately 1 000 particle mass spectra were chosen and classified for both the 27 m and 280 m locations. All individual raw particle mass spectra were peak-listed using the TSI MS-Analyze software. Single particle mass spectral data for each particle were classified into a number of particle types using a clustering toolkit, YAADA (www.yaada.org). The Adaptive Resonance Theory Artificial Neural Network (ART-2a) algorithm in the Matlab-based toolkit was used for the clustering analysis with a vigilance factor of 0.85 and a learning factor of 0.05 (Song et al., 1999) . Using the analysis, 35 particle clusters for the 27 m site and 39 clusters for the 280 m site were initially obtained and regrouped into 5 and 7 particle types, respectively, based on their similarities in temporality, mass spectral signatures, and size distributions.
Results and Discussion
Distance decay gradient of ultrafine particles
The number concentrations of non-denuded particles (without TD) between 8 nm and 540 nm in diameter measured upwind and downwind of the highway are summarized in Table 2 . In this study the mean and the 95% confidence interval of UFP concentrations were obtained for three weekdays. As discussed above, the concentrations at the 27 m, 280 m and -90 m (upwind) locations were adjusted based on the concentrations measured at the stationary site (Site D) located 15 m downwind of the highway. This adjustment is useful to account for any diurnal or day-to-day variations of particle concentrations while MAPLE was moving between these sites. The results were further corrected to isolate the highway related particles, by subtracting the background particle concentrations measured 90 m upwind of the highway. The average UFP concentration upwind of the highway (Site C) was about 50% lower than the concentration at the 280 m downwind location (Site B).
As expected, a strong exponential decrease in the downwind UFP number concentrations with increasing distance from the highway was observed ( Figure S2 ). Based on these results, it was estimated that particle numbers in the 8 to 540 nm size range can be elevated by factors of 5 and 3 at distances of 15 m and 27 m, respectively, when compared to the average at a distance of 280 m from the highway. Background corrected particle numbers, which could be more representative of traffic-related particles, at 15 m and 27 m were higher than the concentrations at 280 m by factors of 10 and 5, respectively. The decay rate of UFP number concen tration near the highway was comparable to that measured at a highway in Los Angeles, USA where UFP at 30 m downwind of the highway was a factor of 4 higher than the average concentrations at 300 m downwind (Zhu et al., 2002a) .
From the micro-scale gradient analysis between 3 and 18 m from the highway, the average UFP concentration (89 000± 29 000 cm -3 ) measured at the 3 m location was found to be higher than the concentration (42 000±7 000 cm -3 ) at the 18 m location by a factor of approximately 2. This implies that the exposure risk of pedestrians and cyclists to UFP near major roadways can be varied even within a near road microenvironment. More extensive research on the micro-scale gradient study of TRAPs near roadways is required to fully evaluate the exposure risk.
Differences in particle size distribution with distance from the highway
The size-resolved number concentrations observed at diffe rent distances are presented in Table 2 and Figure 2 . A higher concentration gradient between the 15 m and the 280 m locations was observed for the smaller diameter particles. The gradient was highest for smaller UFP particles (<30 nm); the concentrations at 15 m and 27 m were higher than those at 280 m by factors of 14 and 7, respectively. The decay gradient for particles 30-200 nm became more gradual as particle size increased. No gradient was detectable for particles larger than 200 nm. 
Figure 2. Average number size distributions of non-denuded particles (w/o TD) measured at the upwind and downwind sites on August 19, 26, and 27. Error bars represent the 95% confidence intervals.
The size distributions at the downwind locations were bimodal with one mode at about 11 nm and a second larger mode between 30 nm and 100 nm. In contrast, the particle size distribution at the upwind location and at 280 m downwind was unimodal with a peak at approximately 70 nm (Figure 2) . The size distributions corrected by subtracting the upwind concentration to isolate the size distributions of traffic-related particles only is also shown in Figure S3 (see the SM). Figure 3 depicts the average size distributions at the 3 m and 18 m locations during the 37 high emitter plume events. As shown in Figures 2 and 3 , no change in mode between 3 m and 27 m was observed for the first peak at 11 nm with a slight increase of the second mode. The geometric mean diameters (GMD) of the particle size distributions (8-540 nm) were 17 nm, 20 nm, 20 nm, 22 nm, 38 nm, and 48 nm at distances of 3 m, 15 m, 18 m, 27 m, 280 m, and -90 m (upwind), respectively, indicating a shift to larger particle GMD as a function of distance from the highway. The evolution of the size distributions as a function of distance from traffic sources was comparable to near-highway field and modeling studies reported by Zhu et al. (2002a) and Jacobson et al. (2005) . Since dilution is effective regardless of particle size, other processes such as condensation or evaporation of smaller particles must have played a role in the evolution of the size distributions during transport away from the roadway. Stroud et al. (2014) suggested that evaporation of semi-volatile organics from particles and produc tion of less-volatile organics progresses as traffic-related air masses move away from the highway. Jacobson and Seinfeld (2004) and Jacobson et al. (2005) described a simulation using Brownian coagulation enhanced by Van der Waals forces, fractal geometry, and evaporation that could account for the size evolution of UFP measured near roadways. Jacobson et al. (2005) also proposed that partial evaporation of volatile materials on particles may enhance the size dependent decay due to increased Brownian coagulation rates between larger particles and shrinking particles. 
Distance decay gradient of non-volatile ultrafine particles
The volatility of particles at different distances from the highway was determined using a thermodenuder operating at 250 °C. The size distributions of non-volatile particles measured at the 27 m, 280 m, and the upwind locations are presented in Table 3 and Figure 4a . On a particle number basis, a lower nonvolatile fraction (36%) in UFP was measured at the 27 m location as compared to the non-volatile fraction (62%) at the 280 m location. The non-volatile fraction of background particles at the upwind highway was found to be the highest (81%). This reduction in particle number within the thermodenuder was presumably due to shrinkage of internally mixed particles, i.e., particles that all have the same mixture of chemical species, below the minimum detectable size and/or complete evaporation of externally mixed volatile particles, i.e., particles that are each composed of one chemical species. The mixing state of these UFP could not be determined with the available instrumentation. It should be noted that particle losses due to diffusion and thermophoresis in the TD were corrected for before determining the size distributions of non-volatile particles. It is interesting to note that the average size of the nonvolatile particles became smaller with increasing distance from the highway, in contrast to the apparent growth observed for the nondenuded particles (Figure 4a ). An evolution in the average size distributions of the non-volatile particles at 27 m, 280 m, and -90 m locations was observed with calculated geometric mean diameters of 35 nm, 30 nm, and 28 nm, respectively. The nonvolatile particle size distributions were marked by modes at 20-30 nm and 40-60 nm at the 27 m location. As shown in Figure 4a , a mode around 22 nm was observed both upwind and downwind of the roadway, suggesting the presence of background 22 nm particles, possibly consisting of non-volatile cores of originally larger particles. These non-volatile background particles could have originated from combustion sources and been transported over large distances and time scales. Engler et al. (2007) found non-volatile particles smaller than 30 nm at a rural background area and proposed the presence of thermally stable organic residues in this size range.
The decay gradient of non-volatile particles may be a good indicator to measure how particle number concentrations are affected by dilution. In order to estimate particle losses by dilution, a simple dilution equation was derived by using the non-volatile particles as a dilution indicator as proposed by Zhang et al. (2004) who used carbon monoxide as a dilution indicator. The dilution function between the two locations can be described as follows (N27-NB)/(N280-NB), where N27 and N280 are the non-volatile particle number concentrations at the 27 m and the 280 m locations, respectively, and NB is the background concentration measured at the upwind location. Note that this equation was simply derived based on the assumption that the number concentrations of non-volatile particles only decrease due to dilution; dry deposition and coagulation are considered as minor removal processes, and the number concentrations beyond the FMPS size limit are negligible. Figure 4b shows the backgroundcorrected size distributions of non-volatile UFP. From the equation above, the dilution ratio between 27 m and 280 m was found to be approximately 3. For the non-denuded particles, the backgroundcorrected decay ratio of the particle number at 27 m to the concentration at 280 m was approximately 5 as discussed earlier, indicating that atmospheric dilution may be responsible for approximately 60% of the reduction in UFP concentration away from the highway. This implies that other removal processes such as evaporation may also play a substantial role in decreasing the number concentration of UFP even beyond 27 m from a highway.
A direct comparison between the non-denuded and nonvolatile UFP at the upwind location shown in Figure S4 (see the SM) presents a clear shrinkage of particles likely due to a partial removal of organic coatings on internally mixed particles during the denuding process. Although the determination of the volatility of an individual particle was not possible with the TD-FMPS system in our study, the shift of the size distribution without substantial change in number concentration could be explained by shrinkage of internally mixed particles. In contrast, the dramatic reduction in the number of <30 nm particles at 27 m could be explained in terms of either an external or internal mixture of particles. Regardless, it is clear that these <30 nm particles near the highway were composed primarily of volatile species. On the other hand, the non-volatile particle measurement near the highway (e.g., at 27 m) suggests that UFP in the size range from 40 nm to 60 nm may be almost entirely composed of non-volatile material, such as BC.
Only a few mobile studies have been published to estimate the total non-volatile fraction of traffic-related particles (Wehner et al., 2004; Pirjola et al., 2012) . Table 4 summarizes the past roadside field measurements using a TD-particle sizer system. It is challenging to compare the non-volatile fractions of particles among the studies due to variations in location and the lack of sufficient data. As shown, the spatial gradient in the non-volatile fraction and background observation were only available in our study. The average non-volatile fraction at 27 m in our study was higher than the fractions reported by the two other studies. This difference can be explained by the large variations in the locations of monitoring sites among the studies (i.e., 50 m from a highway for Wehner et al. 2004 , averaged fraction between 8 and 60 m from a roadway for Pirjola et al. 2012) . A higher number of heavyduty vehicles was observed in our study, suggesting the higher fraction of non-volatile particles could be due to a stronger influence of diesel vehicles in our study. The mode of the nonvolatile particle size distribution was comparable to that found by Wehner et al. 2004 , which showed a mode at 50 nm.
The TD-FMPS system used in our study alone cannot distinguish the non-volatile fraction originating from different engine types that may result in the variations of the non-volatile fraction near roads. The identification of individual exhaust plumes from known vehicles with the TD-FMPS is required to quantify the particle volatility of diesel and gasoline exhausts or newly developed engines (i.e., gasoline direct injection engine). In addition, the real-world spatial variations of non-volatile particles within a micro-scale distance from a major road (<15 m) should be investigated to improve the accuracy of the dispersion and exposure of non-volatile particles. In order to investigate health effects of exposure to traffic-related UFP, the location of monitoring sites (i.e., distance from roadways) is one of the crucial factors and the size dependent variation of particle volatility should be considered.
Decay gradient in the mass concentration of other pollutants
In addition to the UFP number and size measurements, BC, p-PAH, PM0.6 and PM2.5 concentrations were measured at the upwind and downwind locations with the exception of the 15 m location (Table 2) . One minute measurements of BC at 27 m ranged from 0.2 to 5.6 μg m -3 during the measurement period. The concentra tions of many pollutants at 280 m remained higher than those upwind of the highway. The background-corrected concentrations of BC and p-PAH at the 280 m location decreased by factors of 2.7 and 4.2, respectively, when compared to those at 27 m. The decay ratio of BC was comparable to that for the number concentration of non-volatile particles. However, more gradual decay gradients were observed for PM0.6 and PM2.5 mass concentrations between the 27 m and 280 m locations by factors of 2.0 and 1.6, respectively.
Single particle analysis of traffic-related fine particles
The ATOFMS was used to provide insights into the evolution in the near roadway environment of fine particles emitted from traffic sources to slightly aged particles. Figure 5 illustrates the average positive and negative mass spectra of EC-containing particle types, which are more likely to be associated with trafficrelated emissions from the highway. Four out of the five particle types observed at the 27 m location were dominated by a series of elemental carbon (EC) fragments (e.g., m/z ±12, ±24, ±36, ±48) and are thus believed to be associated with vehicular traffic exhaust sources. These EC based particle types, corresponding to fresh EC (EC-fresh), EC mixed with organic carbon (OC) (EC-OC), calciumcontaining EC (EC-Ca), and potassium and sodium-containing EC (EC-K-Na), were observed at both Site A and B. Figure 6 shows the contribution of the four traffic-related particle types at the 27 m and 280 m locations. Other particle types detected are summarized in the SM.
At Site A, the mass spectrum of the EC-fresh type was dominated by distinct dual-polarity EC fragments with smaller peaks at m/z 37 [C3H + ] and 40 [Ca + ]. The peak at m/z +28 can be attributed to silicon . The EC-fresh particle type may thus represent fresh soot agglomerates from diesel engine exhaust.
The EC-OC particles appeared to be unburned fuels and/or lubricating oil from gasoline combustion. . However, the m/z 39 peak is not only associated with K, but could be due to an organic fragment [C3H3 + ] . Strong signals in the negative spectrum were associated with EC -25, -37, -49, -61, and -73 . These CnHpeaks have previously been attributed to fragmentation of PAHs from fuel samples in laboratory measurements . The presence of more OC fragments (i.e., m/z 27, m/z 37-39) with nitrate has been previously observed for gasoline vehicles (Toner et al., 2008) . PN8-20 nm (particle cm -3 ) 1 700±190 1 100±110 800±50 PN20-30 nm (particle cm -3 ) 1 300±80 900±50 600±30
PN30-50 nm (particle cm -3 ) 1 400±80 700±90 400±20
PN50-100 nm (particle cm -3 ) 1 900±140 800±230 400±10 PN100-540 nm (particle cm -3 ) 600±60 200±100 100±10 The EC-Ca particles are believed to originate from diesel vehicles. These particles were characterized by the most intense peaks at m/z 40 [Ca + ] and 23 [Na + ] in their positive ion spectra, while a series of EC fragment peaks and organic nitrogen were dominant in their negative spectra. Similar to other traffic-related particle types, this class contained PAH fragment ions. Sodium and calcium are present in conventional diesel fuels and lubricating oils Toner et al., 2006) . Ca-rich EC clusters have been commonly identified as particles from traffic sources in dynamometer and field experiments (e.g., Toner et al., 2006; Dall'Osto and Harrison, 2012) . EC-Ca particles showed a strong degree of similarity to particle types from both diesel lubricating oils and diesel exhaust . It is worth noting that the traffic-related particle type contained a low fraction of sulphate [HSO4 -] compared to nitrate, likely due to the prevalence of low sulfur fuels in Canada.
EC-K-Na, the most abundant type (35%) at the 27 m location, likely originated from road dusts (road wear and dust suspension) and/or non-tailpipe emissions (i.e., brake pad wear) internally mixed with soot from vehicular emissions. The particle type was characterized by EC fragments in the negative spectrum and intense dust-like signals (e.g., Al, K, Na, Fe, Mn, and Ba) in the positive mass spectrum. Positive ion peaks at m/z 54 and 56 could be assigned to iron, and their relative intensities are consistent with the expected isotopic distribution of iron. A peak at m/z -88 was likely due to iron oxide [FeO -] (Figure 5d ). The presence of iron could also be due to brake wear and soil dust. also found iron oxide and oxygen ions, m/z -16 [O -], and intense peaks for nitrate (m/z -46 and -62) in dust particle samples. The similarity of the particle types observed at the 27 m and the 280 m locations was investigated by examining the uncentered Pearson correlations (r) between the average mass spectral signals observed at each distance from the highway. EC-fresh was clearly identified by distinct EC fragments at both locations, whereas the EC-OC, EC-Ca and EC-K-Na particles contained relatively low EC signals at the 280 m location. In fact, the EC-OC type had the lowest correlation between sites (r=0.68) of all four particle types investigated. ]) were observed in the positive mass spectrum of the EC-OC particle type at the 280 m location. This could be due to the influences of hydrocarbons and background organics coated on the trafficrelated particles with increased distance from the highway. A much smaller difference in the positive mass spectral signatures of EC-Ca was observed between the two locations (r=0.88), although lower signals of EC fragments in the negative spectrum were observed at the 280 location (Figure 5g ). The major difference of EC-K-Na between 27 m and 280 m was the relative contribution of this particle type by number: 35% at 27 m and 6% at 280 m. In addition, the average mass spectra of the particle types were somewhat different between sites, showing a very low iron signal (m/z 54 and 56) and m/z 55 [Mn + ] at the 280 m location. The decrease in the EC-K-Na relative number contribution may be caused by gravitational sedimentation of larger EC/road dust internal mixtures with increasing distance from the highway. Overall, traffic-related particle types (i.e., EC-fresh, EC-OC, EC-Ca, EC-K-Na) accounted for approximately 75% and 33% of the ATOFMS particles detected at the 27 m and 280 m locations, respectively. It is worth noting that the decay ratio of trafficrelated particle types was comparable to those of BC and PM0.6 mass concentrations between the 27 m and 280 m location as discussed in Section 3.4. These findings imply that particle composition, and specifically the various mixing states of EC may be important in context of exposure and health effects attributable to traffic-related particles as a function of distance from a major roadway.
Summary and Conclusions
The number and size distributions of ultrafine particles were measured using an FMPS (with and without TD) at distances of 3 m to 280 m from a busy highway. In addition, single particle mass spectra of traffic-related particles were measured to determine the spatial evolution in the mixing state of submicron particles. Traffic-related (background corrected) particle number concentra tions at 15 m and 27 m were 10 and 5 times higher than the concentration at 280 m downwind of the highway, respectively. An even steeper spatial gradient was observed for nucleation mode particles (<30 nm).
The non-volatile fraction of UFP after heating at 250 °C increased with distance from the highway, 36% at 27 m and 62% at 280 m vs. 81% at -90 m (upwind) by number. The lower particle volatility at the upwind site also indicated that the vehicle emissions were influencing particle composition, even at a distance of 280 m. A more gradual decay gradient was observed for nonvolatile particles: the concentration at 27 m was higher than that at 280 m by a factor of 3 as compared to the factor of 5 for nondenuded UFP. The more gradual gradient in number concentration for non-volatile traffic-related UFP indicates that removal processes such as evaporation can contribute to near road gradients in UFP concentrations over distances of several hundred meters. A shift in size distribution to smaller GMD with distance from the highway was observed for non-volatile particles in contrast to a growth in average diameter for non-denuded UFP. The background corrected number size distribution of non-volatile particles had a mode peaking at around 50 nm, representing primary traffic-related particles (i.e., soot). The findings in this study indicate that people living or spending time near a major roadway can be exposed to elevated number concentrations of volatile UFP (<30 nm) and non-volatile UFP (30-100 nm).
Elemental carbon containing particle types also predominated in the larger sub-micron particles detected by single particle mass spectrometry: EC-fresh, EC-OC, EC-Ca, and EC-K-Na particles were identified. The contributions of these particle types varied with distance from the highway; the EC-related particle types accounted for approximately 75% and 33% of the particles detected by the ATOFMS at the 27 m and 280 m locations, respectively.
The variability of the decay gradients of TRAPs and the contributions of traffic-related particle types indicated that not only the number concentration, but the composition, volatility, and mixing state of the particles can change substantially with distance from the roadway. These gradients were not reflected by measure ments of PM2.5 alone. Furthermore, the influence of the highway was still evident up to 280 m downwind. Thus a comprehensive analysis of physical and chemical properties is required for better estimates of the exposure of traffic-related pollutants in the vicinity of roadways. This exposure may potentially impact the health of the 10 million Canadians who live within 250 m of a major roadway.
